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1
ARTICLE MADE OF A GRANULAR
MAGNETOCALORICALLY ACTIVE
MATERIAL FOR HEAT EXCHANGE

BACKGROUND

1. Field

Described here is an article for magnetic heat exchange and
methods of manufacturing it.

2. Description of Related Art

The magnetocaloric effect describes the adiabatic conver-
sion of a magnetically induced entropy change to the evolu-
tion or absorption of heat. Therefore, by applying a magnetic
field to a magnetocaloric material, an entropy change can be
induced which results in the evolution or absorption of heat.
This effect can be harnessed to provide refrigeration and/or
heating.

Magnetic heat exchange technology has the advantage that
magnetic heat exchangers are, in principle, more energy effi-
cient than gas compression/expansion cycle systems. Fur-
thermore, magnetic heat exchangers are environmentally
friendly, as ozone depleting chemicals such as CFC’s are not
used.

Magnetic heat exchangers, such as that disclosed in U.S.
Pat. No. 6,676,772, typically include a pumped recirculation
system, a heat exchange medium such as a fluid coolant, a
chamber packed with particles of a magnetic refrigerant
working material which displays the magnetocaloric effect,
and a means for applying a magnetic field to the chamber.

In recent years, materials, such as La(Fe, ,Si,), 5, Gd5(Si,
Ge),, Mn(As,Sb) and MnFe(P,As) have been developed
which have a Curie Temperature, T_, at or near room tem-
perature. The Curie Temperature translates to the operating
temperature of the material in a magnetic heat exchange
system. Consequently, these materials are suitable for use in
applications such as building climate control, domestic and
industrial refrigerators and freezers, and automotive climate
control.

Further developments of these materials have been
directed towards optimizing the composition so as to increase
the entropy change and to increase the temperature range over
which the entropy change occurs. This enables smaller
applied magnetic fields to be used to achieve sufficient cool-
ing and a stable refrigeration cycleto be achieved over a larger
temperature range. These measures aim to simplify the design
of'the heat exchange system as the smaller magnetic fields can
be produced by a permanent magnet rather than requiring an
electromagnet or even a superconducting magnet. However,
further improvements are desirable to enable a more exten-
sive application of magnetic heat exchange technology.

SUMMARY

Disclosed herein are embodiments of an article for a mag-
netic heat exchange system which can be reliably and cost-
effectively produced and which can be produced in a form
suitable for use in magnetic refrigeration systems.

Also disclosed herein are embodiments of methods by
which the article may be produced.

In one embodiment disclosed here is an article comprising
a mantle which envelops at least one core. In a particular
embodiment, the core comprises a plurality of grains com-
prising a magnetocalorically active material.

In another particular embodiment disclosed herein, the
core comprises a precursor of a magnetocalorically active
material in amounts to provide the stoichiometry of the mag-
netocalorically active material.
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In another embodiment is disclosed a heat exchanger, a
refrigeration system, a climate control device, an air condi-
tioning unit, or an industrial, commercial, or domestic freezer
having an article disclosed herein.

In another embodiment is disclosed a laminated article
comprising a plurality of articles described herein laminated
together. In a particular embodiment, this laminated article
includes at least one spacer disposed between two adjacent
articles.

In another embodiment is a heat exchanger, a refrigeration
system, a climate control device, an air conditioning unit, or
an industrial, commercial, or domestic freezer containing a
laminated article as disclosed herein.

In another embodiment is disclosed a method for providing
a powder comprising a magnetocalorically active material or
precursor thereof, providing a mantle, and enveloping the
powder in the mantle to form a composite article.

In another embodiment is disclosed a method to fabricate a
laminated article, comprising arranging two or more articles
as described herein and laminating to form a laminated
article.

BRIEF DESCRIPTION OF DRAWINGS

Embodiments of the method and apparatus disclosed
herein will now be described with reference to the following
non-limiting drawings.

FIG. 1 is a schematic diagram of a step in the manufacture
of a particular embodiment of a fin for a heat exchanger in
which powder of a magnetocalorically active material is
enveloped in a metal mantle to form a composite article,
shown in a side sectional view,

FIG. 2 is a schematic diagram of a side-view of the
mechanical deformation and densification of the composite
article of FIG. 1,

FIG. 3 is a schematic diagram showing the production of an
embodiment of a spacer by profile rolling the composite
article of FIG. 2,

FIG. 4 is a schematic diagram of the assembly of an
embodiment of a laminate article comprising a plurality of the
composite articles illustrated in FIG. 3, and

FIG. 5 is a schematic diagram showing a side view of a
laminated article according to a second embodiment of the
laminated article described herein in which the spacer is
provided as an additional member.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

A magnetocalorically active material is defined herein as a
material which undergoes a change in entropy when it is
subjected to a magnetic field.

The entropy change may be the result of a change from
ferromagnetic to paramagnetic behaviour, for example. The
magnetocalorically active material may exhibit in only a part
of'a temperature region an inflection point at which the sign of
the second derivative of magnetization with respect to an
applied magnetic field changes from positive to negative.

In a particular embodiment, magnetocalorically active
material is enclosed within a mantle which provides an outer
cladding have a certain thickness which surrounds the core
comprising, the magnetocalorically active material. The
resulting article has alayered or laminate type structure rather
than a non-magnetocalorically active matrix with isolated
grains or particles of magnetocalorically active material
embedded in the matrix. The grains or particles of the core
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may be contiguous with their neighbours. The article desir-
ably has an aspect ratio of more than 1.2.

The structure disclosed in this embodiment has the advan-
tage that the problems associated with the use of particles as
the magnetic working material in a magnetic heat exchange
system are avoided, because the particulate matter, whether in
the from of grains or particles, is enclosed within the mantle.
Consequently, the particles of the magnetocalorically active
material are protected from direct contact with the cooling
medium or heat transfer fluid.

This has the advantage that the particles or grains are not
buffeted by the movement of the fluid and are, therefore, not
crushed. Crushing can result in the production of a fine pow-
der which may clog other parts of the heat exchange system,
such as the pump. Additionally, the mantle provides protec-
tion against possible corrosion caused by a direct contact of
the cooling medium with the magnetocalorically active mate-
rial. This protection means that an additional coating of the
individual particles with protective layers can be avoided. As
a result of the structure of the article described herein, oper-
ating life of the working material is increased, which further
increases the ease of use and cost effectiveness of the mag-
netic heat exchange system

Additionally, as a result of the structure described herein,
article comprising the mantle and at least one core has
mechanical integrity. This has the advantage that the design of
the heat exchange system is simplified in that a container to
hold the magnetocalorically active material is not required.
Furthermore, the article can easily and accurately be pro-
duced in a variety of forms such as foils, plates, or larger
bodies depending on the design of the refrigeration or heat
exchange system. The restrictions on the size of material
which is produced by melt casting methods, and in particular,
melt spinning are, therefore, avoided as are the problem,
associated with accommodating powder or particulate matter
in an additional container.

The article may be a component of a heat exchanger, a
cooling system, an air conditioning unit for a building or a
vehicle, in particular an automobile, or a climate control
device for a building or an automobile. The climate control
device may be used as a heater in winter and as a cooler in
summer by reversing the direction of the fluid coolant or heat
exchanger medium. This is particularly advantageous for
automobiles and other vehicles as the space available within
the chassis for accommodating the climate control system is
limited by the design of the vehicle.

Also disclosed herein is an embodiment of an article in
which the core comprises a plurality of particles comprising a
precursor of a magnetocalorically active material in an
amount to provide the stoichiometry of the magnetocalori-
cally active material. This article may be considered an inter-
mediate product with respect to the article disclosed above.

This embodiment of article may be later subjected to a heat
treatment under conditions suitable to cause a chemical reac-
tion of the precursor which forms one or more magnetoca-
lorically active phases within the mantle. Such a heat treat-
ment provides a reactive sintering of the core.

The precursor may comprise a mixture of particles, each
having one of a number of different compositions. The pre-
cursor may comprise a plurality of particles each comprising
a single chemical element or a binary or ternary alloy.

The stoichiometry of the precursor powders may be
selected and adjusted to provide the desired phase or phases
after a reactive sintering heat treatment depending on the
composition of the individual constituents of the precursor.

In an embodiment, the magnetocalorically active material
has a Curie temperature in the range 220K to 345K. The
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operating temperature of the magnetocalorically active mate-
rial, when used in a magnetic heat exchange system, is
approximately that of its Curie temperature. A magnetoca-
lorically active material with a Curie temperature in the range
220K to 345K is suitable for applications such as domestic
and commercial freezer systems, refrigeration, air condition-
ing, or climate control systems, depending on the desired
operating temperature and operating temperature range.

In a particular embodiment, the magnetocalorically active
material can be one of Gd, a La(Fe, ,Si,),5-based phase, a
Gds(Si, Ge),-based phase, a Mn(As, Sb)-based phase, a
MnFe(P, As)-based phase, a Th—Gd-based phase, a (Pr, Nd,
Sr) MnO;-based phase or a Pr,(Fe, Co), ,-based phase. These
basic compositions may further comprise additional chemical
elements which may substitute partially or in full for the listed
elements. These phases may also comprise elements which
are accommodated at least in part interstitially within their
crystal structure. These phases may also include impurity
elements and small amounts of elements such as oxygen.

The mantle surrounds the core and may comprise a mate-
rial selected to provide a number of desired properties to the
article. The mantle may provide mechanical strengthening of
the article. This is particularly useful for the embodiment in
which the core comprises a precursor of the magnetocalori-
cally active material which has not yet been reacted to form
the desired magneto-caloric phase. The mantle allows such an
article to be more simply transported and worked before the
reaction sintering process is carried out.

In a particular embodiment, the article may comprise a
plurality of cores which may be embedded in a matrix and
enveloped by the mantle. The matrix and the mantle may
comprise the same or different materials.

In a particular embodiment, the mantel may comprise two
or more layers which may each have different properties. For
example, an outer mantle may provide corrosion resistance
and an inner mantle may provide increased mechanical
strength. In another particular embodiment, the mantle may
also be chosen to have a high thermal conductivity so as to
increase heat transfer from the core to the heat transfer
medium in which the article is situated in a heat exchanger.

In a particular embodiment, the mantle may comprise a
material with a melting point of greater than 1100° C. so as to
enable a reactive sintering process of the core to occur at
temperatures up to just below the melting point of the mantle.

As exemplary materials, the mantle may comprise iron or
iron-silicon or nickel or steel or stainless steel. Stainless steel
has the advantage that it has better corrosion resistance. Iron
has the advantage that it is cheaper.

In the embodiment where magnetocalorically active mate-
rial is packed into the mantle and, particularly in the case
where no heat treatment is carried out on the article, the
melting temperature of the material of the mantle may be
lower than 1100° C. Furthermore, undesirable chemical reac-
tions between the mantle and the core are avoided if the article
is not heated. This increases the number of suitable materials
for the mantle for this embodiment.

The material of the mantle can be chosen so as to provide
a good thermal conductivity. This increases the efficiency of
the thermal transfer between the article and the heat exchange
medium of cooling fluid. The mantle may comprise copper or
a copper-based alloy or aluminium or an aluminium-based
alloy, for example.

In an embodiment where a precursor of the magnetocalori-
cally active material is packed in the mantle before the reac-
tion to form the magnetocalorically active phase or phases,
the material of the mantel may be chosen so as to partially
react with the core to produce the desired phase. For example,
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an iron-silicon alloy may be selected and positioned adjacent
the core or part of the mantle to enable a reaction to occur
between the core and the iron-silicon. The composition of the
precursor of the core may be adjusted accordingly so that the
final reactive sintered material of the core has the desired
composition.

In a particular embodiment, the mantle and matrix, if one is
provided, may be plastically deformable. This enables con-
ventional powder-in-tube based processing methods to be
used to fabricate the article. The article may be provided in a
variety of forms such as a tape or a wire or a plate, and may be
elongate. The article may also be flexible, which enables the
article to be formed into a variety of coils and laminates by
simple mechanical processes such as winding and bending.

In a particular embodiment, single elongate article can be
formed in which the mantle envelops all sides of the core. This
article can be formed into a desired shape, e.g., wound in the
form of a solenoid or a pancake type coil so that the article has
a form appropriate for a particular application, desirably
without the article having to be cut. Cutting the article has the
disadvantage that the core is exposed, and is not covered by
the mantle in the cut edge. This exposed region may corrode
or decompose, depending on the stability of the core and the
environment to which it is subjected. If a portion of the core
is exposed (e.g., by cutting) and it is desired to protect it, a
further outer protective layer may be provided. This layer
may be provided in only the regions of the exposed core or the
whole mantle may be coated and sealed by an additional
protective layer. The process of forming the article into the
desired shape may take place before or after the reactive
sintering process.

In a particular embodiment, a plurality of articles each
comprising at least one core comprising a magnetocalorically
active material, or precursor thereof, may be assembled to
provide an article for magnetic heat exchange. Each article
may have a different T, or an overall composition which after
reactive sintering to form the magnetocalorically active
phase, results in a different T_. This has the advantage of
increasing the operating range of the heat exchanger in which
the articles are used since the T, translates to the operating
temperature. A plurality of pancake coils, each comprising a
tape including a magnetocalorically active phase having a
different T, may be arranged in a stack, for example.

In a particular embodiment, the article may also comprise
one or more channels in a surface thereof which channels are
adapted to direct the flow of a heat exchange medium with
respect to the article. These channels are positioned in the
surface of the mantle and may be simply produced by plastic
deformation of the surface, such as pressing or rolling. Alter-
natively, the channel or channels may be produced by remov-
ing material, for example by cutting or milling.

As indicated above, channel or channels may be adapted to
direct the flow of a heat exchange medium. This may be
achieved by selecting both the width and depth of the channel,
as well as its form and position in the surface of the article.

The channel or channels can increase the contact area
between the article and the coolant so as to increase the
efficiency of the heat transfer. Furthermore, the channel may
be adapted so as to reduced the formation of eddys in the fluid
coolant or heat exchange medium and reduce the flow resis-
tance of the coolant so as to improve heat transfer efficiency.
In an embodiment, a plurality of generally parallel channels
are provided in at least one surface of the article.

In an embodiment wherein a precursor of a magnetocalori-
cally active material is enveloped in the mantel, the channel or
channels may be introduced into the surface before or after
any reactive sintering process.
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Also described herein is a heat exchanger comprising an
article according to one of the embodiments described above.

Also described herein is a laminated article comprising two
or more articles, each comprising a mantle and at least one
core, according to one of the embodiments previously
described. A laminated structure enables larger components
to be assembled from more easily fabricated single articles.
The core of the articles of the laminate may comprise mag-
netocalorically active material or a precursor thereof as pre-
viously described.

In an embodiment, the laminated article further comprises
at least one spacer which is positioned between adjacent
articles. If the laminated article comprises n articles, it may
comprise n-1 spacers so that each inner article of the lami-
nated structure is separated from its neighbours by a spacer.
Alternatively, the laminated article may comprise n+1 spac-
ers so that a spacer is positioned adjacent each side of an
article.

The spacer provides the laminated article with an open
structure so that the heat exchange medium or coolant may
flow between layers of the laminated article. This increases
the cross-sectional area of the laminated article and increases
the heat transfer from the laminated article to the heat
exchange medium.

The spacer may be provided in a variety of forms. In an
embodiment, the spacer is an integral part of the article and
may be provided by one or more protruding regions of a
surface of an article. These protruding regions may be pro-
vided by providing one or more depressions in the surface of
the article thus creating protrusions in the surface between the
depression. In an embodiment, the protruding regions are
provided by a plurality of grooves in the surface of the article.
The grooves may be generally parallel to one another.

In an embodiment, the spacer is provided as an additional
element which is positioned between adjacent layers of the
laminate stack. The additional element may be provided by a
former. In a further embodiment the spacer is a corrugated
tape. The corrugated tape may be positioned between gener-
ally flat articles to form a structure similar to that commonly
associated with corrugated cardboard.

In a particular embodiment, the spacer may comprise an
article comprising a mantle and a magnetocalorically active
core or precursor thereof according to one of the embodi-
ments previously described. This increases the volume of the
laminated article which comprises a magnetocalorically
active material and increases the efficiency of the heat
exchange system.

If a corrugated tape is provided as a spacer, this can con-
veniently be produced by corrugating portions of the tape, or
further tapes which are generally similar to the tape, provided
as the flat members of the laminated article.

In a particular embodiment the additional spacer member
may provide or be adapted to provide one or more channels
adapted to direct the flow of a heat exchange medium. This
advantageously increases the heat transfer efficiency.

In a particular embodiment, a plurality of channels which
are generally parallel to one another may be provided in one
or more surfaces of the article or as a result of the form of the
additional spacer. In an embodiment the channels of neigh-
bouring layers in the laminate are arranged so that they are
orthogonal to one another. This provides a cross-type flow for
the heat exchange medium which increases the efficiency of
the heat exchanger.

In another embodiment, the laminated article may be a
component of a heat exchanger, a refrigeration system, a
climate control device, an air conditioning unit, or an indus-
trial, commercial or domestic freezer.
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In another embodiment is described a heat exchanger com-
prising at least one laminated article according to an embodi-
ment previously described.

In another embodiment is provided a method of manufac-
turing a magnetocalorically active composite article compris-
ing:

providing powder of a magnetocalorically active material

or precursor thereof;

providing a mantle,

enveloping the precursor powder in the mantle to form a

composite article,

optionally, converting precursor of magnetocalorically

active material to said magnetocalorically active mate-
rial

The powder which is enveloped in the mantle may be
compacted to form a compact or may have the form ofa loose
powder. This compact may be formed separately from the
mantle or may be formed by compacting powder layer by
layer in the mantle.

The mantle may be provided in a variety of forms. For
example, mantle may be a tube or may be provided as a
generally flat envelope which is open on at least one side or as
two plates or foils. The mantle may comprise a metal or an
alloy.

After the powder is enveloped in the mantle, the mantle
may be sealed. This may be achieved for example, by welding
the seams or by plugging the ends of a tube possibly with an
additional welding step to join the plugs and tube. The com-
posite article may be subjected to a degassing heat treatment
before the mantle is sealed so as to remove undesired water,
hydrogen and oxygen, for example.

The composite article my then be used in a heat exchange
system.

In a further embodiment of the method, the composite
article can be subjected to a mechanical deformation process.
The mechanical deformation process increases the size of the
composite article as well as increasing the density of the core.
It is desirable that the mechanically deformed composite
article has a high fill factor of the powder which provides the
magnetocalorically active component so as to provide greater
cooling capacity for a composite article of a given size. The
composite article may be mechanically deformed by one or
more conventional processes such as rolling, swaging and
drawing.

In aparticular embodiment, a multistage stage deformation
annealing process may also be carried out. One or more
intermediate annealing heat treatments may also be carried
out during the mechanical deformation process or processes
in order to soften the mantle and, depending on the relative
hardnesses and annealing behaviour of the powder in relation
to the mantle, to soften the powder as well. The annealing heat
treatment simply softens the metals and/or alloys and sub-
stantially no chemical reaction to form the magnetocalori-
cally active phase takes place during these annealing heat
treatments. An annealing heat treatment is typically carried
out at around 50% of the melting temperature of the material.

In an embodiment where the magnetocalorically active
powder has been packed into the mantle, the article may be
used in the as-mechanically deformed or as-annealed state in
a heat exchange system

In a particular embodiment, after the powder has been
packed into the mantle and subjected to one or more mechani-
cal deformation processes, if desired, the composite article
may be subjected to a heat treatment. In the case of a core
comprising magnetocalorically active material, a heat treat-
ment may be used to improve the properties of the magneto-
calorically active material. If a precursor of the magnetoca-
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lorically active phase is enveloped in the mantle, then the heat
treatment is used to form the magnetocalorically active phase
from the precursor. The heat treatment conditions, therefore,
depend on the material, as well as the type of precursor. This
heat treatment of the precursor powder is referred to as reac-
tive sintering.

In a particular embodiment wherein precursor powder is
enveloped in the mantle, the composite article may undergo a
first mechanical deformation process or processes, undergo a
first reactive sintering heat treatment partially reacting the
powder, undergo a second mechanical deformation process
and then undergo a second reactive sintering heat treatment.
In principle, any number of reactive sintering and mechanical
deformation processes can be carried out in e.g., an alternat-
ing fashion as described above.

In a particular embodiment, at least one channel may be
introduced into a surface of the composite article. The one or
more channels may be introduced by plastic deformation ofat
least one surface of the composite article. This may be
achieved by profile rolling, for example, or by removing
material of the mantle by milling for example. In an embodi-
ment, a plurality of grooves are introduced into a surface.
Each groove is separated from its adjacent groove by a ridge.
The grooves and ridges may be generally parallel to one
another.

In a particular embodiment, the channel may be introduced
into a surface of the composite article before the sintering
process is carried out.

Also described herein are methods of manufacturing a
laminated article from two or more articles according to an
embodiment previously described.

A laminated article may be formed by arranging two or
more composite articles to form a laminate which may have
the form of a stack. The articles may be joined together to
form a single fixed laminated article. This may be performed
by welding or, depending on the subsequent treatments to
which the laminate will be subjected, a lower temperature
joining technique such as brazing or soldering.

The laminated article may be manufactured in a form suit-
able for use as the active component in e.g., a heat exchanger
or climate control apparatus for example. This active compo-
nent may have the form of a fin, for example.

In some embodiments, at least one spacer is provided
between adjacent articles of the laminated structure. In a first
embodiment, the spacer is provided by the channel or chan-
nels provided in one or more surfaces of the individual
articles. As previously described, the channels may be intro-
duced by profile rolling, pressing, spark cutting or milling.
The channels allow the heat exchange medium to flow
through the laminated article, thus improving the contact area
between the heat exchange medium and the laminated article
and improving the heat transfer characteristics.

In an embodiment, the spacer is provided in the form of an
additional member which is positioned between adjoining
layers of the laminate. The spacer may be provided in the
form of spacer blocks or as spokes of a former or in the form
of'a corrugated tape, for example. A corrugated tape may be
fabricated by rolling flat tape between two meshed cogs
which have a suitable spacing between the teeth of the two
cogs as they mesh. The spacer may itself comprise magneto-
calorically active material and may itself be an article accord-
ing to one of the embodiments previously described.

In a particular embodiment, the channels of the laminated
article may be arranged so as to direct the flow of the heat
exchange medium so as to maximise heat transfer while
reducing the currents. In an embodiment, each layer of the
laminate comprises an article in which one surface comprises
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a plurality of generally parallel grooves. In a particular
embodiment, the generally parallel grooves of neighbouring
layers in the laminate are arranged generally orthogonal to
one another. If an additional spacer is used, the spacer posi-
tioned between neighbouring layers may also provide chan-
nels arranged generally orthogonal to one another.

In embodiments wherein a precursor or precursors of the
magnetocalorically active phase are enveloped in the mantle,
the laminated article may be assembled before or after a heat
treatment process is carried out to form one or more magne-
tocalorically active phases in the core.

The laminated article may also be assembled from partially
reacted composite articles and the laminate subjected to a
final reactive sintering treatment after the articles have been
assembly and possibly joined together to form the laminated
article. The laminated article may be subjected to pressure
during the reactive sintering treatment.

FIGS. 1 to 3 illustrate the production of a composite article
1 comprising a single core 4 according to a first embodiment
of the article and method described herein.

In this embodiment, illustrated in FIG. 1, a composite
article 1 comprising one or more magnetocalorically active
La(Fe, Si),;-based phases is fabricated by providing an iron
mantle 5 and a quantity of powder 4 comprising the magne-
tocalorically active La(Fe, Si), ;-based phase or phases.

The powder 4 is arranged in the iron mantle 5 so that the
iron mantle or sheath 5 envelops and encloses the powder 4.
The edges of the mantle 5 may be welded together to form a
closed container so that the mantle 5 surrounds a core 6 of the
magnetocalorically active powder 4.

In one embodiment, the powder 4 is provided as a pressed
green body which has a degree of mechanical integrity. The
green body is then enveloped in the mantle 5. In another
embodiment, the powder is provided as a loose powder which
is packed into the mantle, for example layer-by-layer.

The mantle may be provided in the form of a tube, open at
one or two ends, or as a flat envelope open on one side or a
mantle in the form of a foil may be wrapped around the
precursor powder. A single longitudinal seam results which
may be sealed by self welding of the mantle during a subse-
quent mechanical deformation process or may be sealed by
welding or brazing.

In a particular embodiment, the mass ratio between the
powder core 6 and the iron mantle 5 is preferably at least 4. It
is advantageous that the fill factor of the composite article J.
is as high as possible so as to increase the cooling power per
unit volume of the composite article 1.

The article 1, after this stage in the process, is the active part
of'a magnetic heat exchange system.

In an embodiment, after the powder 4 is packed inside the
iron mantle 5, the arrangement is subjected to a degassing
treatment, which may be performed by placing the arrange-
ment in a vacuum, before mechanical deformation of the
article is carried out. The degassing heat treatment removes
air and other volatile components which would otherwise be
trapped inside the mantle 5.

In a further embodiment, the core 6 comprising the precur-
sor powder 4 can then be densified, as illustrated in FIG. 2, by
mechanically deforming the composite article 1.

Conventional mechanical deformation processes such as
rolling, swaging and drawing may be used. If the initial com-
posite has a plate-like structure, as illustrated in FIG. 1, roll-
ing can be simply used. In another embodiment, the initial
composite has a tubular structure, and drawing or swaging
may be used, possibly followed by rolling if it is desired that
the deformed composite article will have a plate-like or tape-
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like form. The manufacturing process may be considered as a
type of powder-in-tube process for this embodiment.

In this particular embodiment, the mantle comprises cop-
per, because the mantle is to be mechanically deformed, and
copper is easily workable, ductile and has a high thermal
conductivity to improve the thermal transter from the mag-
netocalorically active core and the heat exchange medium of
the magnetic heat exchanger.

The thickness of the composite article after the mechanical
deformation process is on the order of one millimeter or less
and the article 1 is provided in the form of a plate.

In further embodiments not illustrated in the figures, the
mantle 5 comprises two or more layers of differing materials.
This can be advantageous in that the inner mantle may be
chemically compatible with the magnetocalorically active
material or precursor thereof. This embodiment may be used
if the article is to be subjected to a heat treatment. In this
sense, the term “chemically compatible” is used to indicate
that an undesired reaction does not occur between the mate-
rial of the mantle 5 and the core 6 so as to move the stoichi-
ometry of the magnetocalorically active material away from
its desired stoichiometry. The outer mantle may be chemi-
cally incompatible with respect to the core but may provide
mechanical stability or corrosion protection. The outer
mantle may be provided in the form of a foil or tube similar to
one of the embodiments already described. Alternatively, the
outer mantle may be deposited as a coating on the mantle 5.

In further embodiments not illustrated in the figures, the
composite article comprises a mantle and a plurality of cores.
The plurality of cores may be provided by packing several
composite articles together and enveloping them in a second
outer mantle. This new multicore structure may then be sub-
jected to further mechanical deformation steps before a reac-
tive sintering heat treatment is carried out.

Alternatively, or in addition, a multicore structure could be
provided initially by stacking together a plurality of precursor
green bodies separated by metal alloy sheets. An outer mantle
could be provided around this arrangement and the multicore
structure mechanically deformed.

In a further embodiment, the powder 4 which is packed into
the mantle 5 can be precursor powder 4 of the La(Fe, Si),;-
phase. The various components of the precursor powder are
each provided in amount to provide the stoichiometry for the
desired La(Fe, Si),;-based phase. In this particular embodi-
ment, the precursor powder contains no substantial amount of
a magnetocalorically active La(Fe, Si), ;-based phase.

The composite article is heat treated and the precursor
powder of the core reactive sintered to produce a magnetoca-
lorically active core comprising a La(Fe,Si),5-based phase
enveloped by the mantle. This heat treatment may be carried
out after the mechanical deformation process, if such a pro-
cess is performed.

Ifa precursor powder is enveloped in the mantle 5, suitable
materials for the mantle may be steel, stainless steel, nickel
alloys or iron silicon. Stainless steel and nickel alloys have the
advantage that they are corrosion resistant and can provide an
protective outer coating for both the precursor powder as well
as the reacted La(Fe, Si), ;-based phase. If the mantle is to be
subjected to a heat treatment, the material of the mantle
should be chemically and physically stable at the tempera-
tures and under the conditions to which it is to be subjected.
These materials may also be used if the powder 4 packed into
the mantle is already fully reacted.

The composite article 1 may be provided in a form suitable
for use as the active component in a magnetic refrigeration
system or may be used in combination with further magne-
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tocalorically active composite articles to form laminated
articles or composite articles of a more complex shape.

Iftwo or more composite articles are provided, each article
may comprise a different T, which may be provided by
adjusting the composition of the La(Fe, Si), ; phase by adjust-
ing the stoichiometry of the precursor powder mixture as
previously described.

The composite article comprising a mantle and one or more
cores may be further worked to provide a component having
the desired form for heat exchanger if the as manufactured
composite is not appropriate.

For example, if a long-length tape or wire is produced, this
may be wound into a coil or spool. The coil may have the form
of'a solenoid coil which may be multilayered or the core may
be provided in the form of a flat pancake coil. Several of these
pancake coils may be stacked together to provide a cylindrical
component.

Alternatively, the tape or wire may be wound around a
former of the desired shape, example a square, rectangular or
hexagonal former.

If plates or plate-like forms are produced, these may be
stacked one on top of the other to provide a laminate structure
of the desired lateral size and thickness. In all cases, the
different layers may be welded or soldered together. The
desired lateral form may be provided by stamping the desired
shape out of a composite article in the from of a plate or foil.

If, however, the assembled article is not subjected to further
heat treatment, a glue having the appropriate thermal stability
for the application may be used. Since the Curie temperature
of these materials and consequently, the operating tempera-
ture of these materials, is around room temperature, conven-
tional glues or resins could be used.

In a further embodiment, illustrated in FIG. 3, the surface
area of the composite article comprising a mantle 5 and one or
more cores is increased by providing one or more channels 7
in one or more surfaces. This can be easily and simply
achieved by profile rolling.

The profile rolling may be carried out so that one surface of
the composite article comprises a plurality of generally par-
allel grooves 7 separated by a plurality of generally parallel
ridges 8.

In the case of a core initially comprising precursor powder,
the profile rolling may be carried out before or after the
reactive sintering process to form the magnetocalorically
active phase.

The channel 7 or channels are adapted so as to direct the
flow of the heat exchange medium or working fluid when the
composite article is mounted in the heat exchanger. This can
reduce the flow resistance of the heat exchange medium and
improve the efficiency of the heat exchanger.

In further embodiments of the invention, illustrated in
FIGS. 4 and 5, a laminated article 9 which comprises two or
more composite articles 1, each comprising a mantle 5 and
one or more cores 6 is provided.

FIG. 4 illustrates the assembly of a laminate article 9,
according to a first embodiment, which comprises a plurality
of the composite articles 1 illustrated in FIG. 3.

In the embodiment illustrated in FIG. 4, the laminated
article 9 comprises, at least one spacer 10 is provided which
is positioned between adjacent layers 11 of the laminated
article 9. The spacer 10 provides gaps in the laminated article
9 through which the heat exchange medium can flow thus
increasing the contact area between the heat exchange
medium and the laminated article 9 and improving the heat
transfer. The spacer 10 is provided in a form adapted to
provide a series of channels 7 through which the heat
exchange medium can flow. These channels 7 are generally
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parallel to one another and may be further adapted to direct
the flow of the heat exchange medium so as to reduce flow
resistance when the laminated article is in use as part of a
magnetic heat exchanger.

In the first embodiment, illustrated in FIG. 4, the spacer 10
is provided as an integral part of the composite article 1 since
the channels 7 are provided by the grooves 7 formed in a
surface of the articles 1.

In the embodiment illustrated in FIG. 4, the laminate 9
comprises seven layers 11 of the composite article 1, each
comprising a plurality of generally parallel grooves 7 pro-
duced by profile rolling in one surface. These composite
articles 1 are stacked with the side comprising the grooves 7
facing towards a base plate 12 which is free from grooves. The
base plate 12 is also a composite article 1 comprising a mantel
5 and core 6 comprising a La(Fe, Si),;-based phase. Thus, a
spacer 10 in the form of a plurality of channels 7 is provided
between adjacent layers 11 of the laminate structure 9.

In further embodiment, the laminated article 9 is stacked so
that the grooves 7 of one layer 11 are positioned orthogonally
to the grooves 7 of the adjacent layer 11 and so on through the
stack. This provides a fin of the heat exchanger with a cross
type arrangement. One direction may be used as the inflow
and the other direction as the outflow.

In a second embodiment of a laminated article 13, illus-
trated in FIG. 5, the spacer 10 is provided in the form of an
additional element positioned between adjacent composite
articles I of the laminated structure 9.

The spacer 10 is provided by a corrugated tape 14. The
laminated article 13, therefore, comprises alternating layers
of a flat composite article 1 and a corrugated tape 14 as is
commonly known in the structure of corrugated cardboard.
The corrugated tape 14 provides channels 7 which are
adapted to direct the flow of the heat exchange medium. In the
embodiment illustrated in FIG. 5, the laminated article 13
comprises two spacers 10 in the form of corrugated tapes 14
and three flat composite articles 1. however, any number of
layers may be provided. In a particular embodiment, the
outermost layers of the stack may also comprise corrugated
tapes 14.

Inthe embodimentillustrated in F1G. 5, the corrugated tape
14 comprises at least one magnetocalorically active La(Fe,
Si),;-based phase. In other words, the spacer 10 in the form of
a corrugated tape 14 may be provided by a corrugated com-
posite article 1 comprising a mantle 5 and at least one core 6
according to one of the embodiments previously described.
This embodiment has the advantage that the laminate struc-
ture 13 is strong and the thickness of the tape 14 providing the
corrugated spacer 10 and the flat tapes 1 may be varied
depending on the cross-sectional area and size ofthe channels
7 desired.

The use of an additional spacer 10 has the advantage that it
can be more simply integrated into a coil type structure by
co-winding a flat tape and corrugated tape. A co-wound pan-
cake coil or solenoid coil can also be fabricated in a similar
way.

The corrugated tape 14 may be fabricated by rolling the
tape, or composite article 1 in tape form, between two meshed
cogs for example.

In Further embodiments not illustrated in the Figures, the
spacer may be provided as a former. The former may be a
series of posts or rods positioned between adjacent layers 11.
Alternatively, if a long-length tape or wire is provided, the
former may be provided in the form of a wheel having a
plurality of perpendicularly arranged pins arranged at inter-
vals from the centre to the periphery of the wheel around
which the tape or wire may be wound.
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In the case of precursor powder being initially packed in
the mantle 5, the laminate structure 9 or 13 may also be
assembled before a heat treatment is carried out. The heat
treatment to form the magnetocalorically active phase is then
carried out on the laminated article. The laminated article
may be kept under mechanical pressure during the heat treat-
ment.

The invention having been described by reference to cer-
tain specific embodiments thereof, it will be understood that
these embodiments are illustrative, and do not limit the
appended claims.

The invention claimed is:

1. An article comprising:

at least one core, comprising a plurality of reactively sin-

tered grains comprising a magnetocalorically active
material; and

a mantle enveloping said at least one core.

2. The article according to claim 1, wherein the magneto-
calorically active material has a Curie temperature in the
range of 220K to 345K.

3. The article according to claim 1, wherein the magneto-
calorically active material is one of Gd, a La(Fe.sub, ,
sub,),;-based phase, a Gds (Si, Ge),-based phase, a Mn(As,
Sb)-based phase, a MnFe(P, As)-based phase, a Th—Gd-
based phase, a (Pr, Nd, Sr) MnO,-based phase or a Pr (Fe,
Co), ,-based phase.

4. The article according to claim 1, wherein adjacent grains
of the plurality of grains are contiguous.

5. The article according to claim 1, wherein said at least one
core comprises a plurality of cores enveloped by the mantle.

6. The article according to claim 5, further comprising a
matrix in which the plurality of cores are embedded.
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7. The article according to claim 6, wherein the matrix and
the mantle comprise the same materials.

8. The article according to claim 6, wherein the matrix and
the mantle comprise different materials.

9. The article according to claim 1, where the mantle is
plastically deformable.

10. The article according to claim 1, where the mantle
comprises two layers.

11. The article according to claim 1, wherein the mantle
comprises copper or a copper alloy or aluminium or an alu-
minium-based alloy.

12. The article according to claim 1, wherein the article is
elongate.

13. The article according to claim 12, wherein the article is
in the form of a tape or a wire or a plate.

14. An article comprising:

at least one core, comprising a plurality of reactively sin-

tered grains comprising a magnetocalorically active
material; and

a mantle enveloping said at least one core, wherein the

article is in the form of a solenoid coil, or is in the form
of one or more pancake coils.

15. The article according to claim 14, wherein the article is
wound in the form of a solenoid coil.

16. The article according to claim 14, wherein the article is
wound in the form of a pancake coil.

17. The article according to claim 16, wherein the article
further comprises a plurality of pancake wound coils.

18. The article according to claim 17, wherein each coil
comprises a magnetocalorically active material having a dif-
ferent T..



